In order to derive phylogenetic relationships between rabies virus isolates from different geographical locations and host species in South Africa, two genome regions of the virus, viz. the cytoplasmic domain of the glycoprotein and the G-L intergenic region (pseudogene), were sequenced. A high level of nucleic acid sequence conservation indicated a close phylogenetic relationship between virus isolates from domestic dogs, jackals and bat-eared foxes, i.e. Canidae. These isolates aot~eared to be distinct from but closely related to European strains of rabies virus. However, a phylogenetically distinguishable and distant group, which contained isolates from mongooses (i.e. Viverridae) was identifiable. The latter group appears to be distantly related to European and vaccine strains of rabies virus and may have evolved uniquely on the central plateau of South Africa. Our data also indicate that spillover from mongooses (or other viverrids) to canid hosts occurs occasionally.
Introduction
Rabies virus is a typical member of the family Rhabdoviridae and consists of a (-)RNA genome of about 12000 nucleotides, contained in a tight nucleocapsid composed of the nucleoprotein (N), which is enclosed by a bullet-shaped outer capsid made up of a glycoprotein (G) and a membrane protein (M2). The virus genome encodes a further two proteins, L (the polymerase) and M1 (phosphoprotein), both of which occur in small quantities in the virus particle where they are associated with the N protein (Morimoto et al., 1989; Tordo & Poch, 1988) . Rabies virus is capable of infecting a wide variety of hosts, including man, although human infection may be considered incidental to the natural disease reservoir existing in a wide range of warmblooded wild and domestic animals (Smith & Seidel, 1993) .
Rabies occurs widely in southern Africa although, especially in South Africa, it is generally associated in particular localities with specific animal reservoirs (Fig.  1) . In Natal/KwaZulu, an epizootic in domestic dogs, with almost no wildlife involvement, has raged since 1976. Elsewhere, wildlife are the principal disseminators: in particular the yellow mongoose (Cynictis penicillata) on the central plateau of South Africa covering the Orange Free State, the eastern and western Transvaal * Author for correspondence. Fax + 12 342 2713.
highveld and northern Cape; bat-eared foxes (Otocyon megalotis) in the drier western regions of the country and the south-western Cape; and black-backed jackals (Canis mesomelas) in the Transvaal lowveld (Records of the Onderstepoort Veterinary Institute and the Directorate of Animal Health, South Africa).
Investigation into the reactivity patterns of a panel of 80 monoclonal antibodies (MAbs) produced against rabies virus N protein and 91 rabies virus isolates from South Africa and Namibia showed that the viruses obtained predominantly from canid species and cattle had a pattern which could clearly be distinguished from a more heterogeneous group of viruses recovered principally from viverrids and occasionally from victim species (i.e. carnivores or non-carnivores thought not to be important in the maintenance of rabies virus). However, the evolutionary relationship between these two groups of viruses, referred to as 'canid' and 'viverrid', as well as their relationships with other viruses elsewhere in Africa and in other continents is difficult to determine on the basis of antigenicity (King et al., 1994) . Comparison and analyses of nucleic acid sequence data from some African rabies virus isolates have indicated that such an approach should complement the MAb studies and be useful in elucidating evolutionary relationships (Nel et al., 1994; Smith et al., 1994) .
Coupled with computer-driven algorithms, the use of genome sequencing in the study of the epidemiology of 0001-2677 © 1995 SGM rabies constitutes a domain of research with promise for helping to elucidate hitherto unsolved aspects of rabies epidemiology (Chomel, 1993; Smith & Seidel, 1993) . Nucleic acid sequence analyses of different regions of the RNA genome of the rabies virus were shown to be useful in determining the relationships between groups of the virus in Europe and elsewhere (Sacramento et al., 1991; Smith et al., 1992) . In cases where viruses are distantly related and their evolutionary paths have been independent for many years, areas of the genome which are relatively stable so far as nucleotide sequence is concerned (e.g. the nucleoprotein gene) have proved to be useful. Conversely, for viruses which are closely related, regions of the genome which tend to accept mutations more rapidly could be more apt (Tordo & Kouknetzoff, 1994) . One such part of the rabies virus genome known to have potential as a source of information on general genetic diversity within this virus group is the 423 nucleotide vestigial or pseudogene, designated Psi. This sequence separates the G and L cistrons on the rabies virus genome and, being apparently non-protein coding, is likely to undergo random mutation. The pseudogene sequence is therefore considered a good neutral indicator for natural evolution of the virus (Tordo et al., 1986; Wunner et al., 1988; Sacramento et al., 1992) . Another part of the virus genome which is likely to provide useful epidemiological information is the gene encoding the surface G glycoprotein, the major antigen involved in eliciting protective immunity (Tordo, 1991) . The hydrophilic region of the glycoprotein trimer, the cytoplasmic domain, is not only structurally constrained by anchorage to the cytoplasmic bilayer, but is also involved in the initiation of virus assembly and budding (Collier et al., 1991 ; Whitt et al., 1991 ; Tordo et al., 1992; Flamand et al., 1993) . The sequence encoding the cytoplasmic domain of the glycoprotein has been reported to be Sacramento et al. (1992) and Tordo et al. (1986). significantly less conserved than the large ectodomainencoding region (Benmansour et al., 1992) .
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Here we present results on sequence analysis of the cytoplasmic domain of the glycoprotein gene as well as the pseudogene of rabies viruses isolated in South Africa from a variety of species and localities. The sequence data were used to infer phylogenetic relationships between these viruses as well as relationships with viruses from elsewhere. It is concluded that rabies virus in South Africa comprises at least two distinct populations, one closely related to and the other markedly diverse and distant from European strains of the virus.
Methods
Rabies virus isolates. Rabies virus isolates from dogs, black-backed jackals, bat-eared foxes and mongooses were selected from areas where rabies associated with these species commonly occurs (Fig. 1, Table 1 ). These virus isolates were stored in the form of lyophilized 20 % mouse brain material in the collection of the Rabies Unit, Onderstepoort Veterinary Institute, South Africa. Isolates from elsewhere in the world were also included for comparison (Table 2) .
Total RNA extraction. Lyophilized mouse brain-passaged material (500 ~tg) was dissolved in 500 Ixl of an extraction buffer (1% SDS, 1% NP40, 1 mM-EDTA, pH 8.0) and extracted three to four times with 
• TT~GGGGA GTC .......
• TTG6GGG6A GTC .......
• TTGGGGGGA ATC .......
• TCGGGGGGA GTC .......
• TTGGAA" CA ..........
• TTAATAA" C ..........
• buffer-saturated phenol. Total RNA was precipitated with 2 vols of 100 % ethanol, washed with 70 % ethanol and made up to the required concentration with ultrapure water.
Primers. A published oligonucleotide primer pair (designated G-L) was used to amplify a region encompassing the cytoplasmic domain of the glycoprotein gene (G-gene) and the adjacent pseudogene (Sacramento et al., 1991) . The (+)strand primer (G) primes the polymerase reaction at position 4665 to 4687 of the G-gene sequence and the L(--) primer at position 5543 to 5566 of the polymerase-encoding gene according to the numbering of the published Pasteur virus (PV) sequence (Tordo et aL, 1986; Sacramento et al., 1991) . Four additional primers, used to sequence the 400 nucleotide fragment, were synthesized as required and are shown in Table 3 .
cDNA synthesis and amplification. Total brain RNA (0.5 to 3.9 gg) was initially hybridized with the G primer (100 ng) at 65 °C and reverse-transcribed at 42 °C for 90 min in a 10 gl total volume (Sacramento et al., 1991) . Amplification using the @L primer set was carried out on 1/10th of the cDNA reaction mixture in a Hybaid heating block using conditions similar to those described by Sacramento et al. (1991) . When necessary (e.g. for isolates 420/90 and 480/90 from yellow mongooses), gel-purified PCR products were cloned and different clones were sequenced in order to verify the sequence. Cloning was achieved by blunt-ending the PCR product by treatment with T4 kinase (Boehringer Mannheim) and Klenow and by ligation to SmaI-cut, dephosphorylated pUC18.
Nucleotide sequenc#lg. Amplified DNA products were purified and recovered as follows. The PCR product (20 lal) was electrophoresed on a 0.7% agarose gel (Seakem), excised and spun through a column packed with a small amount of sterilized glass wool. The procedure is simple and the DNA recovered was found to be pure enough and sufficient for one or more sequencing reactions. Sequencing reactions were performed by the dideoxynucleotide chain termination method using the fmol DNA sequencing kit (Promega) according to the manufacturer's instructions. The reaction mixture contained a minimum concentration of 500 fmol of purified DNA template, 30 pmol of primer and 10 taCi [35S]dATP. A Hybaid thermocycler programmed for 30 cycles as specified for the fmol sequencing system was used and the reaction analysed by standard denaturing electrophoresis and autoradiography.
Computer analysis. Nucleotide sequences were analysed using the DAPSA program (Harley, 1992) and the ClustalV package for multiple alignment (Higgins & Sharp, 1989) on an IBM RS6000 computer. For construction of phylogenetic trees the neighbour-joining method of Saitou & Nei (1987) was used, combined with the bootstrap, a statistical method which calculates confidence limits with respect to the phylogenetic tree (Nei, 1992 
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77 data to infer the variability of the confidence estimator (Felsenstein, 1985 (Felsenstein, , 1988 . Amongst every sequence data set examined, only those subsets scoring 90 % to 100 % with the bootstrap confidence estimator were considered significant. Bootstrap trees were drawn using a random number generator seed = 111 and an appropriate number of bootstrap trails (500 to 1000).
Results

Genome sequence analysis of canid rabies virus isolates from South Africa
The nucleotide sequences encoding the cytoplasmic domain of the glycoprotein of a number of the South African canid isolates included in this investigation were aligned with the vaccine strain PV (Fig. 2a) . Due to sequence similarity several sequences were not included in the alignment and only altered base sites are indicated. The canid group included isolates from dogs, jackals and bat-eared foxes (Table 1 ) and, with the exception of three isolates (see below), there was a high degree of nucleotide sequence conservation amongst these isolates. The divergence between a typical canid isolate (ND77) and the PV strain was found to be no more than 15 %. Three other canid isolates, respectively from dog 421/92, jackal 5/91 and bat-eared fox 127/91 were found to be much more variable with respect to their cytoplasmic domain gene sequences and were considered atypical canid isolates (Fig. 2b ).
An alignment of the pseudogene sequences of the same canid isolates is shown in Fig. 3 (a) and a distance matrix of homology, based on the Psi sequences is shown (in bold type, delimited by a solid line) in Fig. 4 . The PV strain was again used as the alignment reference and it was found that the average percentage sequence divergence in the pseudogene was similar to that of the Gcytoplasmic gene (about 14"5 % compared to PV). The three atypical isolates identified with the alignment of the G-cytoplasmic sequence were also found to be markedly different with respect to their pseudogene sequences (Figs 3 b and 4) .
Genome sequence analysis of mongoose rabies virus isolates from South Africa
Nucleotide sequence alignment of the genes encoding the cytoplasmic domain of the glycoprotein and the pseudogenes of seven yellow mongoose rabies virus isolates from South Africa is shown in Figs 2(c) and 3(c) respectively. The distance matrix of homology based on the Psi sequences is shown in Fig. 4 . These isolates displayed a high degree of nucleotide divergence when compared to European strains, as all isolates differed by more than 24 % from the reference strain PV for both the genome regions sequenced. However, the relationship between the mongoose isolates (delimited by a dashed triangle, Fig. 4 ) was found to be much closer with an average sequence divergence of about 11.7 %. In addition it was found that the average nucleotide sequence homology between the atypical canid isolates (Figs 3 b  and 4 ) and the mongoose isolates (Figs 3 c and 4 ) was considerably higher (Psi, 84.8 %) than between atypical canid isolates and the typical canid isolates (Psi, 76.5 %, Figs 3 a and 4) , indicating a closer relationship between the mongoose and the atypical canid groups.
Despite an apparent high level of overall nucleotide sequence divergence, the Psi intergenic region was found to be conserved in terms of its length (399 nt) for all but two of the South African rabies isolates. The maintenance of this specific length of Psi has also been reported for wild isolates from elsewhere (Bourhy et al., 1993; Sacramento et al., 1992) . From the sequence alignments (Figs 2 and 3) it was clear that the nucleic acid sequence is not homogeneously conserved throughout the Psi region. By the use of matrix comparisons (Queen & Korn, 1984) of wild rabies virus isolates with the PV rabies virus strain, distinct zones displaying different degrees of conservation were identified. In a comparison of a typical mongoose isolate with PV, three zones stretching from positions 1 to 170, 171 to 283 and 284 to 399 were identified ( Fig. 5a ) with average percentage differences of 20%, 40% and 22% respectively [ Fig. 5b(i)] . These zones were then used as a standard for the comparison of different isolates, the results of which are shown in Fig. 5 (b) . A comparison of the Psi sequence of a typical canid isolate with that of PV clearly indicates that the middle region is, as in the case of the comparison between a mongoose isolate and PV, twice as variable as the flanking regions, albeit that overall divergence between canid isolates and PV appear to be about half that observed for the mongoose strain/PV comparison. When canid and mongoose strains were compared, the middle region was again the most variable [ Fig. 5 b(iii) ]. However, in all comparisons of the Psi gene sequence within the South African canid or mongoose groups, this effect virtually disappeared [ Fig. 5 b(iv) and (v) ]. Thus, a zone in the middle of the Psi gene appears to be highly variable in both mongoose and canid isolates when compared to the PV strain but not within the group. All the South African isolates, whether from canid or viverrid hosts, were found to lack a stop signal for G mRNA.
Phylogeny of rabies virus in South Africa
The nucleotide sequence comparisons described above indicated that at least two different groups of rabies viruses commonly infect wildlife in South Africa. In order to establish the phylogenetic position of these viruses, multiple sequence alignment was used to construct a neighbour-joining tree as described in Methods. Four isolates from elsewhere in the world, including the fixed PV, Challenge Virus Standard (CVS) and EvylinRokitnicki-Abelseth (ERA) strains, were included in our analysis as phylogenetic reference points ( Table 2 ). The nucleotide sequences of the G-cytoplasmic domain and the G-L intergenic pseudogene were analysed separately, partly because of extensive nucleotide deletions in the G mRNA stop signal of most of the isolates, but also to compare the phylogenetic information yielded by these different regions of the rabies virus genome. However, as the two sets of sequences produced very similar phylogenetic profiles, the nucleotide sequences from the Gcytoplasmic domain and the Psi region were combined before analysis and the resulting phylogenetic tree is shown in Fig. 6 . Canid isolates from South Africa form a defined cluster with little variation and are in close proximity to the European wild (WR56) or vaccine strains (PV/ERA) ( Table 2) (Fig. 6) . Mongoose-derived isolates also group together, but much more variation was evident within this cluster. Except for mongoose isolate 669/90 which originated from Ermelo (Eastern Transvaal), all other mongoose isolates were isolated from the central plateau of the Orange Free State (Table 1) . Isolate 669/90 also appeared to be distinguishable from other mongoose isolates. The group containing the mongoose isolates was clearly distant from all other viruses analysed. Three isolates identified as atypical canid isolates on the basis of sequence variation when compared to other South African canid isolates (about 24% Psi sequence difference) were found to fall into the group containing the mongoose isolates• Two of these isolates (421/92 and 127/91) were obtained from geographical locations outside the mongoose rabies enzootic area, namely Albany (Eastern Cape) and Malmesbury (Cape Province) respectively. Specimen 5/91 was isolated from a rabid jackal at Rouxville (Orange Free State), a location within the known mongoose rabies enzootic area. This result indicated that spiUover from viverrid hosts occurs whereas the converse event has not so far been observed• A window aperture of 17 nucleotides having a minimum of 80 % identity was specified in the analysis (Queen & Korn, 1984) . (b) Percentage nucleotide divergence between PV and a South African mongoose strain (i), PV and a South African canid strain (ii), a South African canid strain with a South African mongoose strain (iii), two South African mongoose strains (iv) and two South African canid strains (v), as indicated. Zones of high (nucleotides 171 to 283) and low (nucleotides 0 to 170; 284 to 399) sequence variation, as determined in the matrix comparison (a), were used throughout. Refer to text for details.
Discussion
Twenty-four South African rabies virus isolates comprising seven yellow mongoose, five dog, six blackbacked jackal and six bat-eared fox isolates were analysed with respect to intrinsic variability in a variable region of the glycoprotein gene as well as the full G-L intergenic pseudogene. Viruses were specifically chosen on the basis of host and geographic origin• Nucleic acid sequences of PCR amplified cDNA were obtained and analysed in order to determine the genetic variation and phylogeny amongst the different isolates• The sequence variation within the two genome regions reflected similar ranges of nucleotide divergence• The canid isolates shared a close sequence identity of > 95 %, regardless of the enzootic area from which field specimens were obtained. These had a sequence identity of about 85 % with the PV strain. The percentage nucleotide difference observed between samples of the mongoose group on the other hand was greater (up to 14 %), while they differed from the PV strain by up to 27 %.
Analyses of the G-Psi gene transcription start and stop signals by other investigators have shown that two clearly different G-Psi mRNA configurations exist in rabies viruses• Classic or fixed rabies strains such as PV and ERA were found to produce both the G mRNA and G-Psi mRNA, whereas another group produces only the G-Psi mRNA through deletion of the G stop signal from the genome (Bourhy et al., 1989; Morimoto et al., 1989; Tordo et al., 1986) . All the South African isolates, whether from canid or viverrid hosts, were found to lack a stop signal for G mRNA. A particular region in the centre of the Psi genes of viverrid as well as canid isolates was significantly more variable than other parts of the gene when compared with the PV strain. However, within these two groups the sequence variation between different isolates, although large in some cases (up to 18% within the viverrid group), appears to be more homogeneously spread through the Psi gene.
Antigenic studies, based on the reaction patterns of South African rabies virus isolates with anti-nucleoprotein MAbs (King et al., 1993) showed that most canid isolates conformed to a single reaction pattern, whereas viverrid rabies virus isolates had several different MAb reaction patterns• Our results, obtained by phylogenetic analyses on the basis of the nucleic acid sequence of the cytoplasmic domain of the glycoprotein and the intergenic pseudogene sequences, confirmed the occurrence of two distinct virus groups which dominate enzootic rabies in South Africa• One group comprised viruses which were isolated from canid hosts whereas the other group was mostly, but not exclusively, derived from yellow mongooses• Three canid isolates which appeared to be atypical in terms of their pseudogene nucleotide sequence composition were identified. These were the isolates 5/91 (jackal), 421/92 (dog) and 127/91 (bat-eared fox). Subsequent analyses clearly showed that these viruses belong to the broad group containing the South African mongoose rabies isolates• Thus it appears likely that this finding indicates spillover events and suggests that the viverrid rabies virus is transmissible to canids.
The group of canid viruses is clearly closely related to the European/vaccine rabies virus strains and therefore appears to be a relatively new introduction to this part of the African continent• However, the evolutionary position of the mongoose strains is more difficult to clarify with the information thus far available• The large genetic divergence of these strains compared to other strains of rabies virus prompts speculation that this group is an ancient introduction that evolved uniquely in relative . Phylogenetic tree expressing the genetic relationship between South African canid and mongoose rabies virus strains based on the combined sequences of the gene encoding the G-cytoplasmic domain and the pseudogene. Included in this analysis are a typical European fox isolate WR56 (Sacramento et al., 1992) and the fixed strains CVS, ERA and PV (Tordo et al., 1986; Sacramento et al., 1992) , which were used as indicators to measure the evolutionary relationship between the viruses investigated. The tree was generated by the ClustalV computer package based on multiple sequence alignments (Higgins & Sharp, 1989) . The neighbour-joining method was carried out with 1000 bootstrap trails and only node confidence limits > 90 % were considered significant (shown in squares). The canid isolates (indicated by the half circle) group together with a maximum divergence of 5 %.
isolation amongst the viverrid populations on the South African highveld. A single isolate which was obtained from an infected mongoose in an area some distance from the others was found to be quite distinct from all the other mongoose isolates. Furthermore, small clusters within the group of mongoose isolates were apparent although all of them clearly belonged to a phylogenetic group which could be distinguished from all other viruses included in the investigation. Therefore, contrary to the situation with the canid isolates, it is possible that different subgroups of mongoose virus are present in South Africa, although this can only be confirmed after more extensive analysis, involving a large number of virus isolates. The investigation based on MAb reactivity patterns with southern African rabies viruses resulted in a similar conclusion (King et al., 1994) . It would also be of interest to compare these mongoose virus isolates with rabies virus isolates from other parts of the world, which are known to vary significantly from the European/ vaccine strains. Analysis of a portion of the nucleoprotein gene has, for instance, shown that rabies virus isolates from China, the Philippines and Indonesia are significantly different from the classic (European/ vaccine) rabies isolates (Smith et al., 1992) .
